Background: Ambulatory individuals with incomplete spinal cord injury (iSCI) experience frequent falls suggesting impairments in their balance control. Individuals with iSCI are more stable during normal walking as compared to able-bodied (AB) individuals; however, it is not known whether this increased stability helps prevent hazardous slips. Objective: To compare walking stability during normal walking between iSCI and AB individuals, and to study the association between stability during normal walking and the intensity of an unexpected slip perturbation. Design: Cross-sectional. Setting: Biomechanics of Balance and Movement lab, University of Saskatchewan, Saskatoon. Participants: Twenty iSCI (15 men; age: M = 60.05, SD = 17.77 years) and 16 (12 men; age: M = 58.92, SD = 17.10 years) AB individuals. Methods: Stability measures during unperturbed walking at a self-selected speed were collected from all the participants. Additionally, stability measures were also collected from 10 of the AB participants walking at a slower speed. An unexpected slip perturbation was recorded in all participants during a self-selected speed trial and peak-slip heel velocity post slip was recorded. Main Outcome Measurements: Measures of stability: ankle co-contraction, required coefficient of friction, walking velocity, foot angle, anteroposterior margin of stability, percentage double support, step length, and step width were compared between iSCI, AB-self selected, and AB-slow walking groups. Associations between slip intensity, indicated by peak post-slip heel velocity, and stability measures were also examined through correlation analysis. Results: Individuals with iSCI walked slower, took shorter steps, and spent a greater percentage of time in double support compared with AB individuals walking at a self-selected pace (P < .01). Slower walking velocity was correlated with slower post-slip velocity in participants with iSCI (P = .01) only. Conclusions: Individuals with iSCI walk with greater stability than AB individuals during unperturbed walking because of a lower selfselected speed, which appears to reduce the intensity of an unexpected slip perturbation. Level of Evidence: III
Introduction
The act of maintaining, achieving, or restoring center of mass (COM) position relative to the base of support (BOS) during any posture or activity has been defined as balance control [1] . Damage to the spinal cord can disrupt sensorimotor and/or reflexive pathways, leading to motor and sensory impairments that contribute to diminished balance control and a high incidence of falls reported by individuals with incomplete spinal cord injury (iSCI) . Approximately 75% of these individuals report at least one fall per year [2] and 48% report recurrent falls [3] . The consequences of falls can vary from minor injuries to severe complications requiring re-hospitalization and reduced community participation [4, 5] The high incidence and severity of falls warrant interventions that could improve balance control in people with iSCI.
Balance control is necessary for fall prevention, and is a complex motor skill that involves maintaining the COM within the BOS as well as the ability to increase the BOS if unable to maintain postural control [6] . If the COM moves outside the BOS through volitional movement or an external perturbation, it needs to be brought back within the BOS or a new BOS needs to be created to avoid falling. During dynamic conditions such as walking, balance control is even more challenging as it involves controlling a moving COM within the changing BOS [6, 7] . This precise motor skill relies on sensory feedback, and impairments in the motor and sensory systems can challenge the ability to control balance. Under more challenging conditions-such as limitations in sensory feedback or an unstable external environment, individuals may adopt different strategies to achieve greater stability such as reducing walking speed, spending more time in double stance, walking with a flatter foot, or cocontracting the muscles to achieve greater stability in lower extremity joints [8, 9] . In able-bodied (AB) individuals, knowledge of an external slippery surface leads to such adaptive strategies, which helps to reduce slip-fall potential [8, 9] . During normal walking, gait speed among AB individuals ranges from 1.10 to 1.34 m/s (depending on age and sex), which is reduced to 0.70 to 0.94 m/s during slow walking [10] . Similarly, step length among AB individuals during normal walking ranges from 535 mm to 660 mm, which is reduced to 466 mm to 562 mm during slow walking [10] . During normal walking, the sagittal foot angle at heel strike ranges from 23 to 29 , which is significantly reduced by AB individuals upon knowledge of a slippery condition [9] . Individuals with iSCI may be more stable than AB individuals during normal unperturbed walking in terms of overall forces needed by an individual to stabilize or destabilize [11] . This greater stability is thought to be achieved by reducing walking speed. Individuals with iSCI also demonstrate an increased foot placement variability as compared with AB individuals that is thought to be a compensatory mechanism to avoid falling during walking [12] . It is still not known whether individuals with iSCI demonstrate other strategies to increase stability, such as walking with shorter and wider steps, larger stability margins, a flatter foot at heel strike, or increased muscle co-contraction during unperturbed conditions. It is also not clear to what extent the increased stability during unperturbed walking may help individuals with iSCI avoid falling due to external perturbations such as unexpectedly stepping on a slippery surface.
Limited knowledge about balance control during walking among individuals with iSCI constrains our ability to develop effective interventions for this population. The objectives of this study were: (1) to compare balance control of individuals with and without iSCI during normal unperturbed walking; and [2] to study the relationship between stability during normal unperturbed walking and slip intensity during a subsequent unexpected slip perturbation. We hypothesized that (1) measures of balance control during normal walking will show a greater stability among individuals with iSCI compared with AB individuals; and (2) walking stability will be significantly correlated to slip intensity in individuals with iSCI such that greater stability will be associated with a less intense slip.
Methods

Participants
A cross-sectional design with experimental and control groups was used. The testing took place in the Biomechanics of Balance and Movement lab at the University of Saskatchewan. Adults with chronic iSCI (ie, more than 1-year post-injury) were recruited from April 2014 to April 2016 through regional health centers, the University of Saskatchewan, the provincial physical therapy association, and Spinal Cord Injury Saskatchewan. Individuals were included if their injury was classified as American Spinal Injury Association Impairment Scale (AIS) C or D, and were able to walk 10 m without gait aids or physical assistance from another person (braces permitted). Participants were excluded if they had any other disease, injury, or condition that affected walking or balance ability (vestibular disturbance, joint pain, etc). Age-(AE 3 years) and sex-matched AB individuals were recruited from the local community through advertisements. This study was approved by the institution's research ethics board. A statistical power analysis was performed for sample size estimation, based on data from a previously published study (N = 34) [11] comparing walking stability between individuals with iSCI and AB individuals. The effect size for mean destabilizing force variable in this study was 0.71. With an alpha = 0.05 and power = 0.80, the projected sample size needed to achieve this effect size (GPower 3.1 [Universität Düsseldorf, Düsseldorf, Germany]) was N = 24 [13] .
Data Collection
All participants were asked to walk unassisted without any walking aids (braces were allowed) at a self-selected speed for 10 m wearing comfortable shoes. Ten of the AB participants were also asked to walk slower than their normal pace to more closely match their walking speed to that of individuals with iSCI. A slip device consisting of a set of low friction steel rollers (0.46 x 0.51 m; coefficient of static friction in unlocked state = 0.09) was embedded in the middle of the walkway, flush with the floor surface. For normal unperturbed walking, the rollers were locked in place but could be unlocked to promote a slip in the anteroposterior (AP) direction. Participants were secured in a safety harness attached to a fallprevention system that did not limit any intended movement and allowed free movement along the walkway. To avoid fatigue in participants with iSCI, no familiarization trials were included in the protocol. At least 3 normal walking (NW) trials in both iSCI and AB groups, and at least 3 slow walking trials in 10 AB participants were obtained with the slip device locked. The slip device was then unlocked during a normal walking trial without the participant knowing for one unexpected slip trial. After the slip trial, participants were asked if the slip was unexpected or not. For NW trials (self-selected and slow speeds), the middle 2 to 5 steps of each trial were analyzed to represent steady state walking and eliminate any gait initiation/termination behaviors.
Two force plates (0.46 × 0.51 m, OR6-7, Advanced Mechanical Technology, Inc, Watertown, MA) were embedded in the walkway (one under the slip device and the other diagonally adjacent to the slip device), and these were used to collect ground reaction forces (GRF) (fs = 2000 Hz) ( Figure 1) . A telemetered electromyography (EMG) (2400GT2, Noraxon Inc, Scottsdale, AZ) system was used to collect surface EMG signals (fs = 2000 Hz) from tibialis anterior (TA) and soleus (SOL) muscles bilaterally. The lab was equipped with an 8-camera 3-D motion capture system (Vicon Nexus, Vicon Motion Systems, Centennial, CO) that collected kinematic data at a sampling rate of 100 Hz. A marker set consisting of 63 reflective markers (22 calibration and 41 non-calibration; 14 mm diameter) were placed on the participant using landmarks. The marker set was used to collect kinematic information from 12 segments (head, trunk, and right and left upper arms, forearms, thighs, shanks, and feet). Kinematic data combined with anthropometric data for older (>60 years) [14] [15] [16] [17] and younger [18] adults were used to calculate the segmental and total body COM during walking trials. Total body extrapolated COM was calculated based on the velocity and standing height of COM [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , and was used to calculate the margin of stability in the AP direction. In addition to the biomechanical measures, the 10-Meter Walk Test (10mWT), which is valid for assessing walking speed in individuals with iSCI, was administered to calculate self-selected and fast walking speeds [20, 21] . For the self-selected 10mWT, participants were asked to walk at their preferred walking speed, whereas for the fast version of the test, participants were instructed to walk as fast as possible.
Time (s) was recorded over the middle 10 m of a 14 m walkway, and speed (m/s) was calculated. Walking Index for Spinal Cord Injury II (WISCI II) scores were also obtained to describe ambulatory status. The WISCI II is a valid measure of walking capacity and consists of 21 items that rank walking according to the amount of physical assistance, braces, and walking aids required [22] . Participants with iSCI were also asked if they had fallen at any time during the previous year.
Data Analysis
The following measures of walking stability were calculated from the self-selected and slow NW trials: (1) required coefficient of friction (RCOF), (2) , average walking velocity, step length, and step width). For the unexpected slip trial, peak post-slip heel velocity (PSV) was used to determine the intensity of the unexpected slip, with a higher PSV indicating a more intensive slip. The foot contact and foot-off events of each gait cycle were identified using the resultant velocity signals from the heel and toe [23, 24] . The values obtained from the calculations were compared with the videos of several individuals and thresholds were adjusted to obtain consistent detections.
Required coefficient of friction
The RCOF value represents the minimum amount of friction required between the shoe and floor to prevent slipping and has been used to calculate slip propensity [25, 26] . Raw GRFs were extracted from the steps in all NW trials that had a full foot contact on either force plate with either foot (confirmed by visual observation). Forces in the AP (Fy) and vertical (Fz) directions were low-pass filtered at 100 Hz using a fourth order Butterworth filter. The ratio of Fy to Fz signal at the time of the greatest posterior GRF (ie, braking force) was used as the RCOF value.
Ankle joint co-contraction index
The CCI indicates simultaneous activity of leg muscles that control foot positioning and increases stiffness at the ankle joint [8] . The CCI was calculated using the EMG data from three NW trials. The raw EMG signal was full-wave rectified and low-pass filtered at 10 Hz with a fourth order Butterworth filter. EMG data were obtained for each stance duration for all NW trials and normalized to the peak value of all NW trials (Figure 2 ). The CCI was calculated using these peak normalized signals from TA and SOL muscles by integrating the signal obtained by the ratio of the less active EMG signal to the sum of both signals from −20% to +20% of average stance duration with 0% being foot contact [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . 
Kinematic variables
Kinematic variables such as average sagittal plane foot angle and MOS_AP at foot contact, average walking velocity, %DS, step width, and step length have previously been used as indicators of walking balance [28, 29] . These kinematic variables were calculated throughout all NW trials. Raw kinematic marker data were low-pass filtered at 8 Hz using a 4th order Butterworth filter.
Sagittal foot angle was calculated as the angle between the long axis of the foot formed by the ankle joint center and second metatarsal, and the horizontal. Average right and left foot angles at foot contact were obtained for all gait cycles. Preliminary statistical analysis revealed no significant differences between right and left foot angles so an average of right and left foot angles was used in analysis. The distance between the extrapolated COM and the anterior foot boundary at foot contact on each side was averaged for each trial to obtain MOS_AP [29] . The percentage of stance time with both feet on the ground over the entire stride was calculated to obtain % DS, which reports the proportion of time spent balancing on both legs during a stride, with more time in double stance an indication of attempt to increase stability [28] .
Step width was calculated as the shortest distance between right and left heel markers at foot contact for each stride.
Step length was calculated as the distance between right and left heel markers at the start of double support. Foot angles, MOS_AP, %DS, step width, and step length values obtained from all strides were averaged to obtain the final value. Walking velocity was obtained for each NW trial by differentiating the AP COM position with respect to time, and a mean value of 3 trials was calculated.
Post-slip heel velocity
Heel velocity was calculated by finding the first derivative of the heel marker position with respect to time. The PSV was identified as the maximum anterior heel velocity of the slipping foot occurring after foot contact on a slippery surface before the foot came to a complete stop. Using a threshold of 1 m/s, slips were categorized as hazardous (PSV > 1 m/s) or non-hazardous (PSV ≤ 1 m/s) [30] .
Statistical Analysis
Means, standard deviations, and ranges were calculated for participant characteristics. NW data were compared between three groups: (i) iSCI, (ii) AB at a self- selected speed (AB_SS), and (iii) AB at a slower speed (AB_slow). Assumption of normality of distribution of all the variables for iSCI and AB groups was tested using a Shapiro-Wilk test. Group differences were compared using multiple analyses of variance (ANOVAs) if the variables were normally distributed or else independent Kruskal-Wallis tests were used. If the differences were significant, follow-up independent t-tests or MannWhitney U-tests were carried out for parametric and non-parametric data, respectively.
Pearson's correlation coefficient was used to find significant correlations between PSV and the measures of walking stability if the variables were normally distributed or else Spearman's rho coefficient was used. A χ 2 test was used to compare the incidences of no slip, hazardous, and non-hazardous slips between iSCI and AB groups.
A conservative alpha was set at .01 for all the tests because of to the multiple comparisons. All statistical analyses were conducted using IBM SPSS (Version 24; IBM, Armonk, NY).
Results
Twenty individuals (15 men: 5 women; mean age = 60.05 years, SD = 17.77 years) with iSCI (11 tetraplegia: 9 paraplegia); and 16 AB individuals (12 men: 4 women; mean age = 58.92 years, SD =17.10 years) were included in the study. Although 5 of the participants with iSCI had been using assistive devices to walk outdoors and indoors (self-selected WISCI II scores = 9, 13, 15, 18, 19), they were able to walk without the use of aids during data collection. Given this ability, it was assumed that none of the participants with injuries below L1 had a flaccid paralysis that could significantly impair walking. Fifteen participants with iSCI experienced at least one fall in the previous year with 14 participants experiencing recurrent (2 or more) falls. Ten of the 16 AB participants (8 men: 2 women; age: mean = 51.99 years, SD = 16.94 years) also walked at a slower walking speed (mean = 0.42 m/s, SD = 0.09 m/s vs mean = 0.95 m/s, SD = 0.22 m/s). Although the slip device was visibly placed in the walkway, all participants reported the slip was unexpected, except one participant with iSCI, who was expecting a slip perturbation throughout the testing. One AB participant did not have a slip trial; therefore, the slip data for the AB group are from 15 individuals. Participant characteristics are shown in Table 1 . Fourteen participants with iSCI had a traumatic injury including 11 with injuries resulting in tetraplegia. All participants had an AIS D impairment level.
Some of the walking stability measures in some participants could not be calculated because of error in the collected data (poor EMG signals, GRF, or kinematic data) leading to differences in numbers for each variable (Tables 2 and 3) . During NW trials, the number of steps that had a full foot contact on either of the force plates ranged from 2 to 10 for each participant. The GRF data from these steps were used for the calculation of RCOF.
Among measures of walking stability, CCI, walking velocity, MOS_AP, step width, and step length were normally distributed and were compared using multiple ANOVAs. Average foot angle, %DS, and RCOF were not normally distributed and were compared using the KruskalWallis test. Mean and SD of the stability measures are shown in Table 2 . For main effects, there were significant differences between the iSCI, AB_SS, and AB_slow groups for walking velocity, step length, AP_MOS, RCOF, average foot angle, and %DS (Table 2) . On follow-up tests, the AB_slow group had significantly smaller values for walking velocity, step length, and average foot angle, and significantly higher values for AP_MOS, RCOF, and %DS than the AB_SS group. The AB_slow group also had a significantly higher AP_MOS and a significantly smaller RCOF than the iSCI group. Individuals with iSCI had a significantly slower velocity and a shorter step length, and a significantly higher %DS as compared with the AB_SS group (P < .01 for all significant differences noted above). There were no significant differences in the incidence of no slip, hazardous, or non-hazardous slips using a χ 2 test (χ 2 (2) = 3.61, P = .16); however, 3 individuals with iSCI did not slip when unexpectedly exposed to the slip perturbation. Thirty-five percent of individuals with iSCI (7 of 20) had a hazardous slip, and 50% (10 of 20) experienced a non-hazardous slip. In the AB group, all individuals experienced a slip; 60% (9 of 15) experienced a hazardous slip and 40% had a non-hazardous slip. Pearson (for normally distributed variables) and Spearman (for non-normally distributed variables) correlation coefficients are reported in Table 3 . Only average walking velocity during NW trials of individuals with iSCI was significantly correlated with the post-slip velocity on unexpected slip (P = .01).
Discussion
Individuals with iSCI experience frequent falls, with a majority of outdoor falls occurring while walking on an uneven or slippery surface [3] . The potential high risk of injury from these types of falls warrants a deeper understanding of walking balance strategies used by these individuals. In this study, we confirmed that individuals with iSCI demonstrated greater stability when walking at their self-selected speed by walking slower, with a shorter step length, and spending a longer percentage of time in double stance as compared with age-and sex-matched AB individuals. This greater stability was mediated by walking slower, as AB participants also demonstrated similar stability-related changes when walking at a slower speed. Slow-walking AB participants had, although not statistically significant, a slower walking speed than participants with iSCI, which increased overall stability as indicated by a larger MOS, and a smaller RCOF among slow-walking AB participants. Previous studies have also shown greater stability during NW in individuals with iSCI to be mediated by walking slower [11] . In comparison with an AB population, individuals with iSCI required a lower stabilizing force for maintaining stability during NW by controlling the velocity of the COM, and greater destabilizing forces were required to perturb the individual by moving the center of pressure to the limit of base of support [11] .
Our study extends previous research to examine the effectiveness of this greater stability during NW in the prevention of hazardous slips. Walking velocity during NW in individuals with iSCI was found to have a moderate, but significant, correlation with slip intensity, such that walking at a slower velocity was associated with less hazardous slips. There were no significant differences in the incidences of no-slip/hazardous/non-hazardous slips, although all AB participants had a slip as compared with 3 participants experiencing no slip in iSCI group. Furthermore, a higher percentage of AB participants had hazardous slips, indicating that they are at a greater risk for hazardous slips when exposed to an unexpected slippery surface. In contrast to individuals with iSCI, AB individuals can rely on their intact reactive response to regain stability. Compared with AB participants, individuals with iSCI demonstrated greater stability during NW, which may be a protective strategy to avoid reliance on their reactive responses (that may be diminished due to sensorimotor impairments from their spinal cord injury). Older individuals have also demonstrated greater walking stability by taking shorter and wider steps, walking slower, and by spending greater time in double stance during NW; wider steps have been found to be associated with a greater risk of falls, however [28] . A greater stability during NW does not ensure that individuals with iSCI will regain stability once their balance has been perturbed but rather may indicate an adaptation to increased risk of falling.
Slower walking speed among participants with iSCI can also be due to a lower level of functioning. For example, in previous studies, individuals with iSCI were unable to lengthen their steps when needed to clear relatively large (4 cm and 8 cm long) obstacles, suggesting functional limitations that were even more evident in individuals with lower functioning levels (incomplete tetraplegia vs incomplete paraplegia, and AIS C vs AIS D) [31, 32] . These reported functional limitations; however, are during a considerable challenge (stepping over relatively long and/or high obstacles) and not during normal, unobstructed walking conditions and so may not be evident in our testing protocol. In summary, individuals with iSCI are more stable during NW as they walk slowly, with shorter step length, and a greater percentage of time in double stance compared with AB individuals. Slower walking velocity during NW among individuals with iSCI was correlated with lesser slip intensity after an unexpected perturbation.
The results of this study support the idea that walking at a slower speed is a strategy used by individuals with iSCI to reduce fall risk. This same finding has been previously reported as a strategy learned by individuals with Significance level set at P = .01 and indicated with *.
# Spearman correlation coefficient reported as data were not normally distributed.
iSCI through practice with life experiences [33] . Clinically, the assessment of balance control to identify individuals at risk of falls should be more comprehensive than merely evaluating stability during normal walking. Our findings demonstrate that individuals with iSCI are more stable while walking; once their balance is perturbed, however, their ability to maintain balance depends on how effectively they react to the perturbation [1] [2] [3] [4] [5] [6] [7] [8] [9] . Future studies should also examine reactive balance of individuals with iSCI during walking to understand why they fall so often.
Limitations
To avoid fatigue among individuals with iSCI, no familiarization time with the laboratory set-up and space was given to the participants-this may have affected the first few NW trials. To avoid any learning effect, the last 3 of all available NW trials before the unexpected slip perturbation were examined. Because all participants with iSCI had AIS D impairment level, the results of this study can only be generalized to individuals with iSCI with the same impairment level. One participant with iSCI, who experienced a non-hazardous slip, reported anticipating the slip, which might have led them to develop strategies to achieve greater stability than if they were not expecting the slip. Slowwalking AB participants were slower than the participants with iSCI, which limits our ability to distinguish velocity-related vs balance-related changes.
The slip device used for perturbation was relatively small and may have limited the amount of slip by stopping the sliding foot at the edge of the slip device; nevertheless, PSV was reached at an average of 0.20 s, SD = 0.08 s (range = 0.03-0.36 s) after foot contact, which is comparable to previously reported values for non-hazardous (M = 0.12, SD = 0.01 s) and hazardous (M = 0.17, SD = 0.03 s) slips on an oily surface [34] . Poor reactive control among individuals with iSCI, which are not reported in this study, can be a contributor to the adoption of more stable walking and is currently being investigated in our laboratory. To ensure participants were as comfortable walking as possible, we asked them to wear shoes they were comfortable wearing, and this resulted in a variety of shoe types. We did not take into account the differences in the type of shoes (or soles) selected by the participants during walking-this may have affected the RCOF values and walking behaviors calculated [35] . We used a safety harness for fall prevention, which may have made participants feel more secure compared to walking without the harness and may have changed their walking behavior. Asking AB individuals to walk slower than their natural speed allowed us to control for the stabilizing effect of reduced speed on walking, although walking at an unnatural speed may have introduced unaccounted intrinsic changes in their walking characteristics.
Conclusion
Individuals with iSCI normally walk slower, with shorter step length, and with a greater percentage of time in double support,leading to more stable walking than AB individuals. The greater stability thus obtained by walking slower helps reduce the effect of unexpected perturbations as walking velocity was correlated with the unexpected slip intensity among participants with iSCI. Despite greater stability during NW, individuals with iSCI experience a high incidence of falls, highlighting the need to investigate reactive balance strategies in this population.
